Coral reefs are highly productive photosynthetic systems and coral optics studies suggest that such high 16 efficiency is due to optimised light scattering by coral tissue and skeleton. Here, we characterise the 17 inherent optical properties, i.e., the scattering coefficient, µs, and the anisotropy of scattering, g, of 8 18 intact coral species using optical coherence tomography (OCT). Specifically, we describe light scattering 19 by coral skeletons, coenoarc tissues, polyp tentacles and areas covered by fluorescent pigments (FP). Our 20 results reveal that light scattering between coral species ranges from µs = 3 mm -1 (Stylophora pistillata) 21 to µs = 25 mm -1 (Echinopora lamelosa). For Platygyra pini, µs was 10-fold higher for tissue vs skeleton, 22 while in other corals (e.g. Hydnophora pilosa) no difference was found between tissue and skeletal 23 scattering. Tissue scattering was 3-fold enhanced in coenosarc tissues (µs = 24.6 mm -1 ) vs polyp tentacles 24 (µs = 8.3 mm -1 ) in Turbinaria reniformis. FP scattering was almost isotropic when FP were organized in 25 granule chromatophores (g=0.34) but was forward directed when FP were distributed diffusely in the 26 tissue (g=0.96). Our study provides detailed measurements of coral scattering and establishes a rapid 27 approach for characterising optical properties of photosynthetic soft tissues via OCT in vivo. 28 29 Coral optics and OCT Introduction 30 The form and function of an organism represents a design solution to the problems posed by a multitude 31 of environmental parameters. The evolutionary design of terrestrial plants has been studied over decades, 32 providing evidence on the prime role of irradiance exposure, hydration and mechanical stability in 33 driving plant morphology on cellular to canopy scales [1, 2]. On the scale of a plant leaf, studies showed 34 that epidermal cells act similar to a lens and can focus incident radiation [3]. Light focused by epidermal 35 cells can then be channelled deep into the plant leaf via lossy scattering between air-filled vacuoles and 36 the palisade layer (i.e. a porous matrix) [4]. Such light propagating mechanism is more pronounced in 37 sun adapted leaves that are in need of effectively distributing excess irradiance [4] compared to shade 38
Coral optics and OCT that it allows for very localised extraction of optical properties, while e.g. diffusion theory averages the 94 optical properties over the measurement area (usually encompassing several cm 2 of surface area) [21] . 95 In the present study, we use OCT to characterise the optical scattering properties of intact coral 96 tissues and skeletons in vivo. The specific aims are to study the variability in the scattering coefficient 97 µs and g value of 8 coral species with a specific focus on differences between tissue and skeletal scattering 98 as well as differences among tissue types. Nepturion). Corals were fed twice a week with Artemia salina nauplii. We selected several coral 105 fragments from the following coral species: Echinopora lamelosa, Platygyra pini, Hydnophora pilosa, 106 Pavona cactus, Turbinaria reniformis, Acropora sp., Montipora capricornis and Stylophora pistillata. The 107 corals were chosen to represent a diversity of coral species with different tissue thicknesses, host 108 pigmentation as well as skeletal optical properties [14] . At least three coral fragments of each species 109 were used for optical extraction. Coral optics and OCT Monte Carlo method [25, 26, 28] . For a homogenous biological tissue, the depth dependent OCT 114 reflectance signal, R(z), is thereafter described as a simple exponential decay:
where ρ is the fraction of light sampled from the focal volume of tissue, and µ is the signal attenuation 117 to and from the focal volume (see Levitz et al.[25 ] for details). Further,
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Here, ∆z is the axial resolution of the imaging system given by the coherence length lc:
where  is the center wavelength of the light source (930nm) and  is the spectral bandwidth (63.4 nm).
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The parameter b(g) is the scatter collection efficiency factor that describes the fraction of light scattered 125 within the coherence gate (i.e. the spatial distance over which the reflected light and reference beam can 126 cause interference signals) that is backscattered within the solid angle of collection by the objective lens.
127
G is a geometry factor that accounts for the enhanced pathlength due to off-axis light propagation during scattering phase function p(θ) to describe the scattering of coral tissues, given that this phase function is 131 most commonly used to describe the scattering of biological tissues [22, 29] . The phase function p(θ) 132 Coral optics and OCT affects the parameter b(g) by:
The factor a in Eq. 3 is the scattering efficiency factor that depends on g. It determines the ability of 135 photons to reach the focus of the OCT system despite scattering; when a = 1 then g = 0 and vice versa from the image top in steps of 0.1 mm). Such measurements showed that the OCT signal fall-off, from 158 the z position of peak reflectivity (z= 0.4 mm) to z=0.8 mm, was exponential, facilitating a straight 159 forward correction of acquired scans for the focus function of the OCT system.
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Optical extraction. After OCT scans were corrected for the focus function (OCT dB) and converted to 161 absolute values of reflectivity (log10(R)) dedicated coral tissue areas were selected for optical extraction.
162
Areas were selected to cover different tissue types, including polyp and coenosarc tissues as well as 163 tissues covered with host pigment granules. Values of ρ (local reflectivity, dimensionless) and µ (linear 164 signal attenuation [cm -1 ]) were matched to g and µs using the theory described above [25, 30] such as in Platygyra pini (Fig. 2) , the average distance between scattering events, i.e, the scattering mean 198 free path, MFP=1/µs, is 46 µm (Table 1) , which is about 2-fold lower than for most biological tissues 199 (MFP~100 µm) [38] . In contrast, the scattering strength of the coral Stylophora pistillata would rank 200 among the lower end of biological tissues, with a MFP of about 250 µm (Table 1) [22].
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The relative role of tissue vs skeleton light scattering in modulating light propagation for coral 202 photosynthesis has been debated [16, 18, 19] . We thus compared tissue and skeletal scattering on the 203 same coral colonies using OCT in vivo (Fig. 2 p=<0.01, Fig. 3a-e ). The lower scattering for the polyp tentacles could be related to a simpler tissue 216 structure as the tentacles do not have a mesoglea and an aboral gastrodermal layer as compared to the 217 Coral optics and OCT coenosarc tissue [39] . The mesoglea is collagen-rich and has been suggested to have an important role 218 in tissue light scattering [15, 16, 40] .
219
Close up images of the tissue surface of the coral Pavona cactus revealed an interesting tissue 220 surface pattern, alternating between 'brown crevices' and 'white elevations' (Fig, 2c, 3f ). Although we 221 did not characterise Symbiodinium distribution via spectral measurements, the brown colour is clearly , which is 1.3 fold higher 231 than the average scattering over the white areas (Fig. 3h) We also studied the light scattering properties of fluorescent host pigments ( Fig. 4a-g properties and distribution in the coral tissue. It has also been suggested that such photoprotective and/or 242 photosynthesis stimulating functions depend on the type of FP and its structural aggregation within the 243 tissue [31, 51] . In our study, we found FP aggregations in Platygyra pini, where they formed cluster-like 244 ~50-100 µm wide granules also known as chromatophores [31, 49] (Fig. 2a, Fig. 4e,f) . These 245 chromatophores are composed of smaller scattering granules, typically about 1 m in diameter [49] . Our 246 optical analyses showed that tissue areas with such FP aggregates have a low g value of about 0.34 (± 247 0.09 SE) indicating a nearly isotropic scattering behaviour of FP granules (Fig. 4g) . In contrast, coral 248 tissue with a more diffuse distribution of FP was strongly forward scattering with a g value of about 0.96 249 (± 0.008 SE, pooled for Hydnopora pilosa and Echnipora lamelosa) ( Fig. 4a-d,g) . Likewise, brown-250 pigmented tissue in P. pini was forward scattering (g=0.97 ± 0.004 SE (Fig. 4g ).
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Previous studies showed that high densities of light scattering FP granules lead to enhanced 252 tissue reflectivity and surface scalar irradiance [11, 51] . Many faviid corals have a dense network of GFP Fig. S2 ). Previous studies suggested that the optical properties of the skeleton of S.
268 pistillata lead to a strong lateral redistribution of incident irradiance which enhances photosynthetic 269 efficiency but also makes this species highly susceptible to coral bleaching [14, 18] .
270
Using the in vivo optical properties of coral tissue and skeleton ( Table 1) coefficient in H. pilosa is higher than in S. pistillata (Table 1) , the g value in S. pistilita is very low 276 (tissue, g=0.51 skeleton, g=0.28) leading to a more isotropic scattering behaviour and enhanced lateral 277 spread of light (Fig. S2a ). Most biological tissues are strongly forward scattering [22] and g values of 278 0.9 have been assumed for corals [16] . However, our study shows that the assumption of strongly 279 forward scattering tissues is not always correct for coral tissues and skeletons (Table1).
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It is important to point out, that coral morphology (mm to cm scale) also affects light distribution 
